This study investigates the feasibility of using embedded optical fibers in polymer matrix composite laminates to characterize delaminations caused by low-velocity impacts with energies between 30 J and 50 J. Impact damage can occur in composite structures during manufacture, in-service, storage and routine maintenance. Because of their small size and light weight, optical fibers can be embedded in composite structures during the manufacture of composite parts, allowing the structure to be monitored for impact-induced delaminations without being removed from service. In this study, optical fibers are embedded in a grid configuration at four selected locations (one-third from impact surface, midplane, two-thirds from impact surface, and farthest ply from impact) in thick autoclave-cured graphite/epoxy laminates. Low-velocity impact testing is performed at four energy levels. Manufacturing procedures for embedding the optical fibers within the composite laminates are investigated. The strain distribution from the optical fibers is correlated with ultrasonic C-scans of the laminates in which they are embedded. X-ray computed tomography scan images are also compared to those from ultrasonic C-scans. Results indicate that embedded optical fibers can provide post-impact strain responses and delamination area from each embedded site within the impacted laminates.
Introduction
Increasingly, polymer matrix composite (PMC) materials are being used in the manufacture of flight critical aircraft components. These materials have very complex damage modes, including matrix cracking, fiber breakage, and delaminations. [1] [2] [3] In particular, impacts cause matrix cracking and delamination damage that can significantly reduce the strength of the structure. Because impacts often occur during manufacture, in-service, and during maintenance, it is important to characterize and understand impact damage in PMC structures. 4 Several interacting damage mechanisms have been observed under low-velocity impact on laminated composites. 5 In order to fully characterize the extent of damage under impact loading, high-resolution X-ray computed tomography (X-ray CT) images are commonly used. 6 In general, impact studies are conducted on standardized sample sizes (e.g. 15.2 cm Â 10.2 cm) based on ASTM D 7136, 7 and these samples have to be machined to smaller sizes to obtain high-resolution images of the damage. The most significant and widespread type of damage under impact are interlaminar delaminations. These delaminations typically spread over a significant, roughly circular, area around the impacted location and are several inches in diameter, depending on the level of impact energy. 8 Machining these impacted samples to smaller sizes poses the risk of extending the delaminations, which are near the part edge. Furthermore, preparation for these types of imaging techniques sacrifices the sample so that no further testing, such as compression after impact for static strength evaluations, can be performed.
The next commonly used technique to detect subsurface delaminations in laminated composites is the ultrasonic C-scan. 9, 10 Both the through-transmission and pulse-echo types of ultrasonic C-scans are used to extract information from the impacted composite samples. In the through-transmission ultrasonic approach, sound waves are propagated through the thickness of the sample and reflected from a steel reflector plate, which is kept underneath the sample, and travel through the sample back to the transducer. Reflected sound waves do not travel through the damage area and the receptor measures only the amplitude of the reflected signal, producing a gray patch to represent the overall damage area in the scanned image. In contrast, pulseecho measures the reflection of sound waves in real-time, producing details of the depth of delamination area.
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But the overlapping delaminations are not possible to differentiate. Therefore, an alternative approach is needed to monitor the spread of delaminations under impact loading, particularly in a laboratory setup.
In this study, an optical fiber (OF)-based strain measurement technique was tested on laminated composites to estimate the damage area. Previous studies using embedded OFs have been used to determine delamination growth 12, 13 and the strain distributions in composite bonded joints 14 and in composite repair patches. 15 Most studies using OFs use fiber Bragg grating sensors for delamination detection and location in composites [16] [17] [18] and metals. 19 In this study, unmodified OF was used to detect delamination damage due to low-velocity impact testing. OFs were embedded at four depths in thick (48-ply) carbon composite autoclave-cured laminates. The delicate fabrication process is explained in detail, followed by the instrumentation and data acquisition process used for impact testing.
The OFs strain response is measured using a LUNA ODiSI A distributed OF system. 20 In the results section, the shape and the location of delaminations obtained from ultrasonic C-scans of impacted laminates are compared to the strain distributions obtained from the embedded OF, and the ability of this system to detect delamination has been demonstrated.
Experimental method Fabrication
All the test samples were fabricated from 48 plies of AS4/8552 unidirectional carbon prepreg with the ply layup [45/0/-45/90] 6s as shown in Figure 1(a) . Two OFs were embedded between two laminae at each of the following four locations: A (one-third from impact, between plies 32 and 33), B (laminate midplane between plies 24 and 25), C (two-thirds from the impact surface, between plies 16 and 17), and D (furthest from the impact surface between plies 1 and 2), as shown in Figure 1 (a) and (b). The 17.8 cm square plies were assembled first, as sub-laminates with plies 2-16, 17-24, 25-32, and 32-48 (Figure 1(a) ). As shown in Figure 1 (c), the two fibers, Fiber 1 and Fiber 2, were placed in a grid pattern such that each fiber makes four passes within the laminate at the locations A-D, and the fibers are oriented perpendicular to one another. The fabrication process was given careful consideration as the cured laminate cannot be trimmed after OFs are placed. To place the OFs between two laminae, each fiber was held in slight tension and tacked in place using a heated iron tip at the appropriate location. Upon completion of the layup, all OFs were supported and protected using polytetrafluoroethylene (PTFE) tubes and silicon pads, as shown in Figure 2 . The ends of the tubes were capped with silicone sealant and the laminate was surrounded by bag sealant tape to prevent wicking of the resin along the OFs during the cure cycle. The test articles were autoclave-cured following the manufacturer's cure cycle shown in Figure 3 . Following cure, connectors were spliced onto the OFs. It should be noted that after the laminate is cured, the OFs become more brittle and thus must be handled carefully. An additional length of the OF was included for splicing. Figure 4 shows the picture-frame type test fixture used to clamp test samples. All specimens were clamped with the same force, maintaining the same torque on all bolts. Table 2 lists the energy levels and the corresponding impact velocity, dropheight, and the mass used in these impact tests.
Impact testing

Data acquisition
The LUNA ODiSI A was used to obtain the OF strain data. This system is a distributed optical sensing system in which data are acquired by transmitting light into the fiber by a tunable frequency laser and measuring the back-scattered light from the natural refractive index variations along the fiber (Rayleigh scattering). If the fiber stretches or expands due to the local variations in temperature or strain, the local Rayleigh pattern will reflect those changes. These changes are then converted to strain or temperature measurements by comparing against the baseline fiber characteristics. 21 The data were taken with a sampling rate of 1 Hz. The system's single-scan repeatability is AE2 m strain, and the strain measurement range is AE13,000 m strain. 20 Prior to testing, each OF was keyed in the LUNA ODiSI A system to establish the length of the fiber and the baseline data, which is used to compare all subsequent measurements to determine the strains. Since the OFs at location D (next to the last ply) are visible through ply 1, they were traced and measured, as shown in Figure 5 (the dots were drawn to show the path of the fiber). This ''truth data'' was used to corroborate the location and strain data. Using these measurements, the positions of the pass segments labeled in Figure 5 as S1, S2, S3, S4, S5, S6, S7, and S8 were determined.
After testing, OF strain measurements were acquired and two sets of strain data were processed with 3-mm gage length, 1-mm spacing and 5-mm gage length, 1-mm spacing. These two post-processed data sets for each fiber were combined in a filtering process along with a threshold filter and median filter to reduce the noise in the signals. All OF strain data were collected after test samples were removed from the impact test fixture. The laminate F-30 was used as a preliminary test article to establish the fabrication procedure, OF configuration, and test parameters. A significant level of noise was observed in the strain data obtained from laminate F-45 due to a hardware problem. Therefore, only the data from F-40 and F-50 are discussed in this paper.
Results
Ultrasonic C-scans of the impacted laminates were conducted in the time-of-flight mode using the pulse-echo technique to obtain the detailed layer-wise delamination data. Damage contours are clearly visible in these C-scans and an overlapped collection of delaminations were obtained. Figure 6 shows the C-scan images for all four laminates with embedded OFs (F-30, F-40, F-45, and F-50). The preliminary laminate (F-30) shows very little damage and thus the impact energy was set at a minimum of 40 J and the remaining two laminates were impacted with energies 45 J and 50 J.
Even with no visible damage at 30 J, the strain distribution due to impact were obtained and the study was continued. Although the OF layout is visible in the C-scans, an image of the two OFs, Fiber 1 (red) and Fiber 2 (green), is overlaid onto the F-30 laminate scan to indicate the fiber configuration at each of the four locations (A, B, C, and D) in each laminate. According to the fiber layup in Figure 6 , Fiber 1 is parallel to the 0 plies while Fiber 2 is parallel to the 90 plies in the laminate. The delamination zone is clearly visible as a collection of superimposed semi-circular areas in the center of each scan. It is also seen that the fiber passes S2, S3, S6, and S7 are in the delamination zone for laminates F40, F45, and F50. As expected, the delamination zone is largest for the 50 J laminate. It should be noted that since baseline or reference data from all OF sensors was obtained after the curing process, the strain data were not affected at points of OF overlap. Also, due to different composite layups and different OF sensor configurations, stress concentrations at OF crossings were not expected to be of significant magnitudes to initiate any damage. This is evident as indicated by the ultrasonic C-scans, which show similarity in the size of the damage zones between the OF and non-OF laminates. Figure 6 (e) and (f) shows the ultrasonic C-scans of impact specimens NF-45 and NF-50 in which no OFs were embedded. The damage area in these images is approximately the same size as the damaged region of the specimens (F-45, F-50) with the embedded fibers. Therefore, it was concluded that the embedded OFs do not significantly impact damage formation.
The residual strain measured by the embedded OF for laminate F-40 (40 J impact) at each depth location (A, B, C, and D) is presented in Figure 7 . The strain data from Fiber 1 (oriented at 0 , see coordinate system in Figure 7 ) is plotted as a function of location along the fiber. This shows signal spikes in the middle of the center fiber passes S2 and S3, which correspond to the location on the OFs that are closest to the impact point and in the circular damage zone. As expected, the largest response is from location A ($2.5 mm), which is the closest to the impact point. At locations B ($3.8 mm) and C ($5.1 mm), the strain spikes are evident, indicating delaminations at those depths, which are not discernible from the C-scan. Even next to the last ply (Location D, between ply 47 and ply 48, see Figure 1(a) ), residual strain is obtained. Figure 8 shows the residual strain in laminate F-40 at depth locations A, B, C, and D from Fiber 2, which is oriented at 90 (see Figure 6 ). Location A, closest to the impact point, experienced the largest strain and generates the highest signal magnitude and a significant level of noise. The noise in the signal may be due to Fiber 2 being parallel to the in-plane fibers in ply #2. The spikes in the interior OF passes (S6 and S7) are again evident and when compared to Fiber 1 at locations A, B, C, and D, the location and width of the signals is approximately equal between the two fibers. Due to significant fiber splitting and delaminations on the bottom ply, location D of S6 and S7 displays signal spikes. Figure 9 shows a comparison of Fiber 1 and Fiber 2 at location B (midplane) in laminate F-40. Fiber 2 (green) is parallel to both plies (ply 24 and 25), while Fiber 1 (red) is perpendicular to the plies. The width of the shapes of the signals (in segments S2, S3 and S6, S7) in these two graphs is not only similar but measurements yield a width of approximately 50-60 mm. This is the approximate diameter of the delamination area as indicated by the ultrasonic C-scan in Figure 6(b) . Figures 10 to 13 show the Fiber 1 strain data from the 48-ply laminates F-40 (40 J impact) and F-50 (50 J impact) for locations A (one-third from impact), B (midplane), C (two-third from impact), and D (sandwiched between the last two plies, farthest from the impact), respectively. Fiber 2 shows similar data (strain spikes in the middle segments) and also some Fiber 2 data have much noise. Thus, due to similarity and less noise in the data, Fiber 1 data are presented for laminates F-40 and F-50.
It is noted that the strain spikes primarily occur in the middle segments (S2, S3) for all locations (A, B, C, and D), as marked by the rectangles in Figures 10 to 13 . According to the delamination data from C-scans (see Figure 6 ), these fibers are passing through the delamination zone in each laminate. As mentioned earlier, it was observed that the widths of these signals are approximately equal. Therefore, width measurements were conducted and are shown in Figure 14 In Figure 14 (a), the S2 span of the OF shows signal widths of 28-63 mm and an average signal width of 45.5 mm ($1.8 in.). Segment S3 signal widths range from 38 to 52 mm, with an average of 48.7 mm ($1.9 in.). Similarly, signal widths for the F-50 laminate were measured and are shown in Figure 15 (a). The strain signal widths range from 43 mm to 60 mm for S2, with an average of 50.8 mm ($2 in.) and from 51 mm to 53 mm for S3, with an average of 51.5 mm ($2 in.). Again, both fiber passes S2 and S3 pass through the delaminated areas in F-50, as depicted by the C-scan in Figure 15 (b). The delamination zones determined from the signal widths are well correlated with the C-scan images (Figures 14(b) and 15(b) ), which show an area of diameter of about 51.5 mm (2 in.). For both laminates, the smallest delamination damage, i.e. smallest signal width, occurs at location B, which is the midplane of the laminate, and subsequently experienced the least stress when the laminate is impacted and placed in bending. It is also interesting to note that the largest delamination area, i.e. largest signal width, is obtained mainly from location D. This can be due to the bottom plies being put in tension at the instant of impact, thereby producing the largest delamination area. For further validation of the delaminated areas, X-ray CT images were obtained using a Bruker SKYSCAN 1173 X-ray microtomography. 22 Figure 16 shows the X-ray CT image of the x-y plane (thickness) of the 50 J laminate with fibers. The X-ray CT technique presents 3-D data using perspective imaging. Therefore, OFs in the z-direction appear as slanted lines. Figures 17-19 show the cropped X-ray CT images of a 7.6 cm Â 7.6 cm (3'' Â 3'') area of the 40 J, 45 J, and 50 J laminates with fibers. To show the placement of the delamination zones relative to the ultrasonic images, the CT image indications are lifted from the CT image and superimposed onto the ultrasonic scans. As expected, the 50 J laminate shows the largest delaminated area. The lines indicated in Figure 19 (a) revealed that one of the OFs had become skewed during the fabrication process. This may be from the laminate midplane from which very little optical data could be obtained from Fiber 2. Ongoing investigation and further X-ray CT image analyses are underway to obtain depth locations of the damage zones. 
